Escherichia coli phage N15 encodes the slightly acidic, 630-residue protein of 72.2 kDa called protelomerase (TelN). TelN is a component of the N15 replication system proposed to be involved in the generation of the linear prophage DNA. This linear DNA molecule has covalently closed ends. The reaction converting circular plasmids into linear molecules was catalyzed in vitro. We demonstrate that the product of telN functions as the protelomerase in the absence of other N15-encoded factors. Purified TelN processes circular and linear plasmid DNA containing the proposed target site telRL to produce linear double-stranded DNA with covalently closed ends. The 56-bp telRL target site consists of a central telO palindrome of 22 bp and two 14-bp flanking sequences comprising inverted repeats. telO is separated from these repeats by 3 bp on each side. The telRL sequence is sufficient for TelN-mediated processing. The ends of the DNA molecules generated in vitro have the same configuration as do those observed in vivo. TelN exerts its activity as cleaving-joining enzyme in a concerted action.
T
he temperate lambdoid Escherichia coli phage N15 was discovered by Victor Ravin in 1964. The total N15 nucleotide sequence has been determined recently (46,375 bp; GenBank accession no. AF064539). Interpretation of the DNA sequence combined with the fact that the prophage is a linear plasmid molecule with covalently closed ends (1) suggested that N15 replication must differ considerably from that of phage . A large replication protein, RepA, of 1,324 aa residues has been predicted that is supposed to have at least primase and helicase activity but probably also origin-recognition ability (GenBank accession no. AF064539 and ref. 2) . In principle, the repA gene product resembles the multifunctional replication protein ␣ of the E. coli satellite phage P4. Replication of P4 is independent of chromosome-encoded initiation functions of the host (3, 4) . Currently it is known that N15 replication is independent of at least dnaA, dnaJ, dnaK, grpE, and recA (5, 6) . However, its mode of replication still is not understood.
The N15 prophage structure is unique in E. coli, but similar structures have been found in the pathogenic organism Borrelia burgdorferi. The chromosome and many plasmids in this organism exist as linear molecules with covalently closed ends (7, 8) . In both cases, N15 and B. burgdorferi gene products were predicted that share weak similarity with each other and with members of the family of site-specific recombinases known as integrases (9) . These integrase candidates are the products of gene 29 and gene BBB03, respectively. The corresponding proteins were thought to be responsible for the generation of the covalently closed ends of the DNA molecules. Thus, N15 may serve as a model system to study replication of linear chromosomes of Borrelia causing Lyme disease. In N15, the target sequence for the enzyme was called tos (telomerase occupancy site; Fig. 3A ; ref. 2) . tos contains a series of inverted repeats centered on a large palindromic sequence. This palindrome, or part of it, could form a potential cruciform structure that may function as the real substrate for the enzyme. The predicted enzyme thought to act on tos was named protelomerase (gene 29 ϵ telN), a prokaryotic telomerase (2) . Unlike eukaryotic telomerases, the N15 protelomerase was predicted to be a purely proteic enzyme devoid of any RNA component.
To identify the protelomerase gene, we have isolated the N15 telN gene by molecular cloning, overexpressed the gene, and shown that the purified protein is indeed responsible for its predicted action of generating covalently closed ends on suitable recombinant substrates in vitro. ) (10). Cells were grown in YT medium (0.5% yeast extract͞1% tryptone͞0.5% NaCl) (11), buffered with 25 mM 3-(N-morpholino)propane sulfonic acid (sodium salt, pH 8.0) and supplemented with 25 g of thiamine hydrochloride per ml. When appropriate, antibiotics were added as follows: ampicillin (sodium salt, 100 g͞ml), tetracycline hydrochloride (10 g͞ml), and kanamycin sulfate (30 g͞ml).
Materials and Methods
DNA Techniques. Standard molecular cloning techniques were performed as described (12) . DNA was sequenced by the dideoxynucleotide chain termination method (13) .
Electron Microscopy. For electron microscopy, pJD104 DNA (4,375 bp) was processed with TelN and the reaction product was purified by electrophoresis on 0.7% agarose gels and by subsequent extraction. The isolated product was mixed with 50% formamide͞20 mM sodium carbonate͞2 mM EDTA͞0.03% cytochrome C and was spread on a water surface as described (14) . For denaturation, the product was boiled for 2 min in 100 mM potassium phosphate buffer, pH 7.0, containing 50% formamide, 0.5% formaldehyde, and 0.5% glyoxal, then chilled in ice water and spread as above. For size determination, doublestranded RSF1010 DNA (8,684 bp) or single-stranded X174 phage DNA (5,386 nt) was added as internal length standard before spreading. accession no. AAB81106.1) was obtained by PCR with the following primers: coding strand, 5Ј-ATCGGATCCCGATATC-CAGAGACTTAGAAACGGG-3Ј, and noncoding strand, 5Ј-ATATAAAGCT TCT T T TAGCTGTAGTACGT T TCCC-ATGCG-3Ј. A BamHI site at position Ϫ34 to the start codon was introduced at the 5Ј end of the gene, and a HindIII site was introduced at its 3Ј end. Non-N15 nucleotides are italicized. The 1.9-kb fragment (N15 positions 24,961 to 26,890), including the original SD-sequence of gene 29, was digested with BamHI and HindIII and inserted into the corresponding sites in pMS119EH, resulting in pJD101.
The regions tos, telRL, and telO were all placed as HindIIIBamHI fragments in pBR329 (3.8 kb) resulting in plasmids pJD104 (tos), pJD105 (telRL), and pJD106 (telO). The nucleotide sequence of each of the constructions was verified. Fragments were obtained as follows.
The tos region of N15 was isolated by PCR, using primers 5Ј-CT TACT TAAGCT TA AGCGCA ACGGTAT TACT TA-CGTTGG-3Ј (HindIII) and 5Ј-GCGGGATCCTCACAAGC-GTGTTGATCAACTCACC-3Ј (BamHI) with N15 phage-DNA as template. The resulting 573-bp fragment contained N15 positions 24,474 to 25,037.
Two complementary oligonucleotides were annealed to form the telRL region, 5Ј-AGCTTTATCAGCACACAATTGC-CCAT TATACGCGCGTATA ATGGACTAT TGTGTGC-TGATAG-3Ј and 5Ј-GATCCTATCAGCACACAATAGTCC-AT TATACGCGCGTATA ATGGGCA AT TGTGTGCTG-ATAA-3Ј. The DNA contained N15 positions 24,775 to 24,830.
To form the telO region, two complementary oligonucleotides were annealed, 5Ј-AGCT TCCAT TATACGCGCGTATA-ATGG-3Ј and 5Ј-GATCCCCAT TATACGCGCGTATA-ATGG-3Ј. The DNA contained N15 positions 24,792 to 24,813. The purification of N15 TelN was followed by SDS͞PAGE before its activity was discovered. Cultures (4 ϫ 1.2 liters) of SCS1(pJD101) were grown at 37°C with shaking. At an A 600 of 0.5, isopropyl ␤-D-thiogalactopyranoside was added to 1 mM. Shaking was continued for 5 h. The cells were harvested by centrifugation at 4,000 ϫ g for 10 min, resuspended in 1 mM spermidine Tris hydrochloride͞200 mM NaCl͞2 mM EDTA, pH 7.5, and frozen in liquid nitrogen. The following steps were performed at 0 -4°C. Frozen cells (36 g in 100 ml) were thawed and adjusted to 40 mM Tris⅐HCl, pH 7.6͞3.5% sucrose͞0.13% Brij-58͞1 M NaCl͞0.3 mg/ml lysozyme. After incubation for 1 h, the lysate was centrifuged at 90,000 ϫ g for 90 min. To the supernatant, solid ammonium sulfate was added to a saturation of 60% and stirred for 30 min. The precipitate was collected by centrifugation at 90,000 ϫ g for 30 min, dissolved in buffer A [20 mM Tris⅐HCl, pH 7.6͞1 mM DTT͞0.1 mM EDTA͞10% (wt͞vol) glycerol] containing 50 mM NaCl, and dialyzed three times against this buffer (Fraction I, 100 ml; Fig. 1, lane d) . Fraction I was loaded onto a heparinSepharose CL-6B column (2.6 ϫ 15 cm) equilibrated with buffer A containing 50 mM NaCl, and then was washed with 250 ml of this buffer. Proteins were eluted with a 750-ml linear gradient of 50 -600 mM NaCl in buffer A. TelN eluted at 430 mM NaCl. Peak fractions were pooled (Fraction II, 175 ml; Fig. 1 , lane e). Fraction II was loaded onto a hydroxylapatite Bio-Gel HT column (2.6 ϫ 5 cm) equilibrated with buffer B [20 mM potassium phosphate, pH 6.8͞50 mM KCl͞1 mM DTT͞0.1 mM EDTA͞10% (wt͞vol) glycerol]. The column was washed with 100 ml of buffer B. Proteins were eluted with a 250-ml linear gradient of 20 -500 mM potassium phosphate. TelN eluted at 180 mM phosphate. Peak fractions were pooled (Fraction III, 75 ml; Fig. 1, lane f) . Fraction III was diluted with 125 ml of buffer A containing 50 mM NaCl and loaded onto a DEAESephacel column (2.6 ϫ 5 cm) equilibrated with buffer A containing 50 mM NaCl, and then was washed with 60 ml of the same buffer. Proteins were eluted with a 250-ml linear gradient of 50 -600 mM NaCl in buffer A. TelN eluted at 160 mM NaCl. Peak fractions were pooled (Fraction IV, 58 ml; Fig. 1 , lane g). Fraction IV was diluted with buffer C [50 mM Tris⅐H 3PO4͞1 mM DTT͞0.1 mM EDTA͞10% (wt͞vol) glycerol] containing 50 mM NaCl and loaded onto a phosphocellulose P11 column (1.6 ϫ 9 cm) equilibrated with the same buffer. The column was washed with 80 ml of buffer C containing 50 mM NaCl. Proteins were eluted with a 200-ml linear gradient of 50 -600 mM NaCl. TelN eluted at 340 mM NaCl. The peak fraction was concentrated by dialysis against 20% (wt͞vol) polyethylene glycol 20,000 in buffer A and than dialyzed against 50% glycerol in buffer A and stored at Ϫ20°C (Fraction V, 4.8 ml; Fig. 1 , lane h). Under these conditions, the enzymatic activity was stable for at least 1 yr.
in plasmid pJD101. On induction of SCS1(pJD101) with isopropyl ␤-D-thiogalactopyranoside, a soluble protein of 75 kDa was overproduced, which is close to the expected size of 72.2 kDa (630 aa) (Fig. 1) . The N-terminal sequence of this protein matched that of the predicted telN product (SKVKIGE). The N-terminal methionine was missing. Purification of the TelN protein by a four-column procedure resulted in a nearly homogenous protein preparation. A protein of 65 kDa still present in the preparation (Fig. 1, lane h; and Table 1 , fraction V) corresponds to a truncated TelN product, because its N-terminal sequence is identical to that of TelN. Probably degradation has occurred at the C terminus. A second product of 42 kDa also was apparent. The nature of this protein is still unknown. Fraction V of the purification was subjected to glycerol gradient centrifugation (Fig. 2) . (Fig. 2) . The 42-kDa protein sedimented faster in glycerol gradient centrifugation than did TelN (6.2 S 20,W versus 5.1 S 20,W ), indicating that this protein oligomerizes. Because TelN is monomeric and the N-terminal sequence of the 42-kDa polypeptide does not match any TelN sequence, the 42-kDa protein is most likely an impurity.
The Target for TelN Is telRL. The proposed TelN activity is thought to lead to linearization of the N15 circular phage DNA in vivo, each end constituted by either telR or telL, respectively (2). To assay for TelNЈs in vitro activity, three recombinant substrates were constructed containing the site of its proposed action (Fig.  3B) . tos, telRL, and telO were inserted into plasmid pBR329 as described in Material and Methods. The tos derivative can be maintained only in a recBJ strain, whereas telO and telRL seem to be stable also in recBJ ϩ strains (data not shown). In vitro TelN-derived DNA products were analyzed by agarose gel electrophoresis. Prelinearized substrates, obtained by AatII cleavage, were processed by TelN into two fragments, the combined length of which corresponded to the full-length form FIII (linear) substrates applied (Fig. 4, lanes a-d) . TelO plasmid DNA remained almost inert to TelN in either form (Fig. 4 , lanes e and f). Because tos and telRL are readily processed in vitro by TelN but telO is not, the reaction requires telO and at least the repeats L3 and R3 to proceed efficiently (Fig. 3A) . Negatively supercoiled circular substrate DNA containing tos or telRL also was processed by TelN to yield linear DNA (data not shown).
Optimization of the assay conditions on the circular tos DNA substrate pJD104 demonstrated that the TelN-mediated reaction is salt-sensitive, because NaCl and KCl inhibit the reaction almost completely at 200 mM (Fig. 5A ). Because such a strong inhibition was not observed in the presence of potassium glutamate, the effect might be caused by chloride ions. The optimal pH for the reaction is approximately 7 and the temperature optimum lies at around 25°C (Fig. 5 B and C) . As indicated by the time course, the TelN reaction proceeded rapidly and was almost completed after 10 min, without a recognizable lag phase (Fig. 5D) . A requirement for divalent cations of the reaction seems to exist, because at higher concentrations of EDTA (Ͼ10 mM) the TelN-mediated reaction was inhibited. This finding is not surprising, because a binding motif for divalent cations was predicted for the TelN sequence (amino acid positions 541 to 563, . . . idepdDESQDDELDEDEIeldeg . . .) (15) .
TelN Is a Cleaving-Joining Enzyme.
To analyze the linear DNA products generated by TelN, three different methods were used: alkaline agarose gel electrophoresis, electron microscopy, and nucleotide sequencing. The purpose of this extensive analysis was to unravel the configuration of the linear tos product obtained by TelN treatment (Fig. 3C, II) . The circular tos substrate pJD104 was converted by TelN to form FIII DNA. Subsequent digestions with restriction endonucleases MscI or AatII, which cut the linear product only once, as expected, generated two fragments of different sizes (Fig. 3C, III) . The fragment sizes observed on a nondenaturing agarose gel (Fig. 6 , lanes b and c) coincided with those sizes predicted from the nucleotide sequence. Analysis of these fragments by alkaline gel electrophoresis showed that they migrated in the form of single- stranded DNA, with twice the size of that expected for the two single strands of the double-stranded DNA fragments (Fig. 6,  lanes bЈ and cЈ) . This result demonstrates that the fragments contain one additional covalent linkage per fragment, resembling a hairpin-like structure.
By electron microscopy it was shown that the TelN-derived DNA product of pJD104 (tos) is indeed linearized and shows the expected length (Fig. 7A) . Irreversible denaturation by formaldehyde of this molecule resulted in single-stranded circular DNA (Fig. 7B) , twice the length of the linear DNA, demonstrating that both ends of the TelN-generated product are covalently closed.
In addition, the 854-bp and the 3,517-bp DNA fragments (Fig.  3C, III ) generated by TelN processing and by subsequent cleavage by MscI were isolated and sequenced. One end of the small fragment is constituted by telR, the left-hand arm of the twofold rotationally symmetrical telRL sequence (Fig. 3B) . telR differs from telL in only two nucleotide positions located between telO and the two flanking 14-bp inverted repeats R3 and L3, respectively (Fig. 3B) . The nucleotide sequence obtained consists of a huge inverted repeat containing the sequence of the upper and the lower strands of telR in the center (Fig. 3B) . Accordingly, one end of the larger fragment was formed by telL. This result was expected for a linear DNA-fragment with a covalently closed end and demonstrates that a hairpin-like structure was formed. Because DNA does not permit a 180°turn between two bases, we propose that a small loop evolves at the junction of the upper and the lower strands. Each of the results of these analyses demonstrates that the TelN-generated linear DNA product has joined ends. These ends must have been the consequence of a cleaving-joining reaction catalyzed by TelN.
These data show that the product of telN is indeed the hypothesized protelomerase that generates linear DNA molecules from telRL-containing DNA in the absence of any further N15-encoded protein, chromosome-encoded protein, or RNA. Both form FI DNA and form FIII DNA function as substrates for TelN, indicating that negative supercoiling of the DNA is not required for the processing reaction.
Discussion
The target sequence for the TelN-mediated reaction is contained within telRL, because tos and telRL were processed into linear products with covalently closed ends with similar efficiency, but telO was nearly inert to TelN. The processing efficiency of TelN substrates shorter than 40 bp, and lacking the same number of base pairs on either side of telRL, decreases rapidly. Preliminary data indicate that the 36-bp derivative did not function as a TelN substrate anymore. The 56-bp telRL sequence contains 2 bp flanking the central 22-bp telO palindrome on each side, which interrupt the twofold rotational symmetry (Fig. 3B) . This asymmetry allows differentiation between telL and telR, the left-and right-end arms of the linear prophage. It is conceivable that processing must occur within the 22 bp of telO because the 2 bp disrupting the symmetry appear in telL and telR, respectively. Which of the phosphodiester bonds are cleaved and joined remains an open question that may be answered by a mutagenesis study. However, cleavage in telO probably occurs either in a staggered way or directly in the middle of the 22-bp sequence (Fig. 3B) , the latter option being much less probable because of sterical reasons. Theoretically telRL has the potential to form a cruciform structure by extruding telO as hairpins (Fig. 8A) . Thus, the secondary structure of the TelN recognition site also may play an important role in the reaction. The telO region has been predicted to provide B-Z DNA junctions, which might facilitate processing by TelN (Fig. 8B and ref. 2) . Nuclease S1 cleavage may be used to differentiate between the two possibilities. (Fig. 3C, II) . The sample was prepared as described in Materials and Methods. TelN has an excess of 13 acidic aa residues and, accordingly, a calculated isoelectric point of pI ϭ 5.60. Despite this slight acidity of TelN, the high precision reaction takes place. DNA binding studies by fragment retention in gel electrophoresis on the telRL mutant substrate (vide supra) and on telO indicated that TelN has a strong non-sequence-specific DNA binding ability and, in addition, a sequence-specific binding ability to both telRL and telO (our unpublished results). Preliminary data indicate that base pair changes A20T and T21A (counted from the left end of the sequence shown in Fig. 3B) , which destroy the symmetry of telO within telRL, abolish processing by TelN. However, TelN retained the specific DNA binding ability for this mutant substrate. Thus, telO might function not only as the cleavage region but also as the recognition site for TelN.
Subsequent to recognition of telRL by TelN and complex formation, the generation of the covalently closed ends might occur by cleaving-joining events. In a two-step reaction, cleavage would be required first on each of the complementary DNA strands. A transient covalent intermediate between TelN and the DNA might be generated by nucleophilic substitution by the hydroxyl group of an amino acid side chain. Secondly, the new phosphodiester bond with the complementary strand would be constituted in a transesterification catalyzed by the DNA-TelN protein adduct. Two cleaving steps, one on each strand, and two joining steps are required to form the two hairpin structures telL and telR. Therefore, TelN could possess two active sites, or more likely, two TelN molecules could bind to the substrate and function in a concerted action.
Sequence alignments suggested a relationship between TelN and certain integrases (Int), i.e., phage HK022 Int, phage P2 Int, Int (2, 9) . The overall similarity between the sequences is rather low. However, one motif (bxxaxxxxxahLGHxxxxTxxxY; b, basic residue; a, acidic residue; h, hydrophobic residue) seems to be conserved in all of the proteins mentioned. The motif localizes toward TelNЈs C terminus and may be part of the enzyme's active center. The hydroxyl group of tyrosine 424 is a likely candidate to provide the nucleophile needed to hydrolyze the phosphodiester bond. Sitedirected mutagenesis of TelN supports this idea. Replacement of Y424 by phenylalanine resulted in a complete inactivation of TelN, indicating that the hydroxyl of the aromatic side chain is essential (data not shown). Replacement of the same tyrosine by alanine inactivates the protein, as does the mutation H415A. The residues H415 and Y424 are highly conserved in a block of 12 residues in the proteins mentioned. On the basis of their importance, we hypothesize that these residues are likely to belong to the active center of TelN.
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